Electronic spectra of the S 1 ←S 0 transition of the 3,4,9,10-perylenetetracarboxylic-dianhydrid ͑PTCDA͒ monomer isolated in superfluid helium nanodroplets have been measured by means of laser-induced fluorescence. The 0 0 0 transition appears at 20 988 cm Ϫ1 as the dominant line. We obtain clearly resolved the vibrational structure of the molecule. A comparison to Raman spectra of PTCDA films on metallic substrates and PTCDA crystals as well as with calculated frequencies provides the identification of the different modes. The enhanced resolution in the low temperature helium environment and the obtained line positions provide new information about structural properties of perylene derivatives.
I. INTRODUCTION
The technique of helium nanodroplet isolation spectroscopy in the visible and ultraviolet range has been applied successfully to probe electronic excitations of a variety of organic molecules.
1 These experiments already demonstrated that helium nanodroplets can provide a weakly perturbing matrix at very low temperatures leading to vibrationally resolved, high resolution spectra. In particular, high resolution absorption spectra of large organic molecules like tetracene, porphin, pentacene, phtalocyanine, and indole have been measured.
1,2 Embedded inside helium nanodroplets, the electronic origins of organic molecules are shifted by a few tens of wave numbers to lower or higher values compared to the gas phase. 1 The spectra are characterized by narrow zero phonon lines ͑ZPLs͒ which are accompanied by broad phonon wings ͑PWs͒ to the blue. Depending on the embedded molecule, sometimes zero phonon lines appear as doublets or multiplets, the origin of which has been attributed to the formation of different conformers having attached localized helium atoms. 3 An interpretation with respect to the relaxation of the helium environment into different states was further investigated by double-resonance 4 and fluorescence emission spectroscopy. 5 However, recent results on benzene isolated in helium droplets indicate that this is not the complete story. 6 The phonon wings, on the other hand, mirror the coupling to the local environment. Evaluating the PWs of glyoxal molecules provided the first evidence of the superfluid property of helium nanodroplets. 7 Organic molecules like 3,4,9,10-perylenetetracarboxylicdianhydrid ͑PTCDA͒ and their derivatives play a fundamental role as thin solid films in future electro-optical applications such as organic light emitting devices, lasers, and thin film transistors. 8 Well-ordered organic films of different thickness have been successfully grown on several metallic substrates, ranging from the submonolayer to some multilayer region. [9] [10] [11] [12] To test the electronic and optical properties of these films, photoabsorption, 13 time resolved photoluminescence, 14 and electroabsorption 15 measurements have been applied. Related to the film properties, we studied the formation of PTCDA oligomers inside helium nanodroplets and discussed our results with existing experiments and theories of excitonic transitions. 16 The experiments show that well-defined complex sizes grown in helium droplets are well suited to get information on charge carrier properties, corresponding to the semiconducting behavior of organic materials. Another important technique which elucidates the properties of PTCDA structures and the interaction of the organic molecules with the metallic substrate is Raman spectroscopy. The influence of different substrates to the vibrational structure of single PTCDA molecules has been measured with resonant Raman, 12 but also infrared 17 and high resolution electron energy loss spectroscopy 18 has been applied. The interpretation of the most dominant lines in these measurements was done in comparison with a densityfunctional tight binding approach. 19 In this way, vibrational energies and structural properties can be correlated. To our knowledge no experimental gas phase data for the vibronic states of the PTCDA monomer are available in the literature. However, absorption properties of PTCDA molecules in organic solvents have been reported. 8 In this paper we compare the vibrational modes of the excited isolated PTCDA molecule in helium nanodroplets with recent measurements of resonant Raman scattering of PTCDA thin films, experimental absorptions in organic solvents, as well as theoretical investigations of isolated molecules. Moreover, we compare our results with gas phase data of perylene and perylene isolated in helium nanodroplets in order to get a more general picture of structural properties.
II. EXPERIMENT
The helium droplet beam is produced with the same apparatus used before and described elsewhere. 20 In short, he- 21 The droplet beam is doped with the organic molecules in a separate pick-up chamber, thermally evaporating the material in an oven. The temperature of the oven was maintained at 620 K for PTCDA to maximize the droplets containing one molecule. PTCDA powder from Aldrich was used without further purification. The superfluid droplet cools the embedded molecule down to 380 mK. 22 At that temperature, only vibrational ground states are expected to be populated. In the next chamber the droplet beam is crossed perpendicularly by a beam of a cw ring dye laser ͑Coherent 699͒. Stilbene 3 and Coumarin 102 dyes were used for accessing the corresponding excitation energies. The laser was operated multimode having a linewidth of 0.05 cm Ϫ1 . The beam was introduced in the vacuum chamber via a single-mode fiber and coupling optics resulting in a diameter of 2 mm at the intersection with the droplet beam. Laser-induced fluorescence was collected by a lens and focused onto a photomultiplier. Lock-in amplification as well as computer control of the apparatus assisted collection of data. Laser wavelengths have been recorded by a commercial wavemeter ͑Burleigh WA20͒. Figure 1 shows the laser-induced fluorescence ͑LIF͒ absorption spectrum of PTCDA monomers embedded in helium droplets between 20 950 and 23 450 cm Ϫ1 . The spectrum is characterized by narrow excitation lines and very broad (500 cm Ϫ1 ) absorptions bands, the most prominent of the latter having its maximum around 22 450 cm Ϫ1 . These broad contributions are relics of excitonic transitions of PTCDA complexes and are discussed in Ref. 16 . There are also narrow lines of PTCDA complexes ͑mostly dimers͒ in the range of the spectrum. These absorptions can unambiguously be assigned by recording intensities dependent on the temperature of the pick-up oven, which results in Poissonian distribution. The order of the Poissonian functional form is directly related to the complex size. 16 Areas containing prominent lines coming from complexes are colored gray in 23 Analogous to electronic transitions of organic molecules probed in helium before, absorptions are characterized by intense zero phonon lines ͑ZPLs͒. The linewidth full width at half maximum ͑FWHM͒ of 0.7 cm Ϫ1 is typical for all the lines in Fig. 1 and shown in more detail for the 0-0 transition in Fig. 2 . Compared to experiments using pulsed lasers, the accompanying phonon wings ͑PWs͒ are in our experiments suppressed because of the low power density of the cw laser. The relative integrated intensity of the phonon wing in comparison with the zero phonon line is about 15%. One has attributed the most prominent maxima of the PW to maxon and roton excitations, reflecting the peculiar dispersion relation of the superfluid, 7 which, however, comes out differently for different embedded molecules because of the unlike compressed solvation shells. On the other hand, distinct maxima have also been interpreted as excitations of localized vibrational modes of the solvation shell. 2 We find maxima in the first trident at 3.8, 5.6, and 8.2 cm Ϫ1 , respectively. The matrix induced shift of all organic molecules studied so far in helium droplets is rather small compared to other matrices. The range of shifts scatters around a couple of tens of wave numbers and can be both positive ͑blueshift͒ or negative ͑redshift͒.
III. RESULTS
1 For example, extreme cases are tetracene and pentacene having redshifts around 100 cm Ϫ1 and on the other hand 3-Methylindole, which is blueshifted by 60 cm Ϫ1 in helium droplets. Unfortunately for PTCDA there exist no gas-phase data to experimentally deduce the unperturbed transition frequency. Gustav et al. 24 used modified quantum chemical extension of consistent force field ͑QCFF͒ methods to predict the gas-phase origin of the S 1 ←S 0 transition of several perylene derivatives. In particular for PTCDA, they found the origin of the S 1 ←S 0 excitation at 21 348 cm Ϫ1 , which would indicate a redshift of 360 cm Ϫ1 in the helium nanodroplets. However, the uncertainty of the theoretical value is probably on the same order or even greater. The only existing experimental studies of isolated PTCDA molecules in the literature are absorption measurements in organic solvents. For example, a spectrum of PTCDA in a 0.25 mol dimethyl sulfoxide ͑DMSO͒ solution 25 is given in Fig. 3 . Vibronic bands in the solvent spectrum are not resolved. Immediately the advantage of using the cold, weakly perturbing helium environment is obvious from the enhanced spectral resolution and reduced solvent shift. The comparison clarifies the assignment of the pronounced maxima of the solvent spectrum, which have been assigned to a broadened vibrational structure 19 and appear in some papers as the effective vibrational band of 0.17 eV of PTCDA. 26 When artificially broadening and shifting our measured spectrum, we get good resemblance with the spectrum in DMSO ͑gray line in Fig. 3͒ . The band origin ͑maximum͒ is redshifted by 1750 cm Ϫ1 in DMSO. The second band overlaps nicely with the second maximum in the broadened spectrum. However, the relative intensity is reduced by a factor of 0.6. Several reasons might be responsible for this difference: ͑a͒ There might be vibrational lines and combination bands which are buried in the noise of our spectrum that do not contribute to our broadened spectrum. The number of such lines can become very large for higher energies and in this way lead to an underestimation of the higher energy part. ͑b͒ We record LIF and rely on radiative transitions detectable by our photomultiplier tube whereas the spectrum in DMSO represents absorption. Quenching or transitions into long lived states can in principle distort our measured relative intensities. Such effects are also expected to contribute more likely at higher excitation energies. Beam depletion measurements, which can also be performed using helium droplet beams, are suitable to eliminate these effects. ͑c͒ As can be seen at the red end of the spectrum in DMSO, contributions of, e.g., complexes of molecules add extra intensity to the solvent spectrum and can give a somehow perturbed absorption profile.
PTCDA is a planar molecule of 38 atoms. It has 108 internal degrees of freedom and belongs to the D 2h symmetry point group. The theoretical description of the vibrational energies was first reported by Gustav et al. 24 They calculated the 0 0 0 transitions and the electronically excited vibrational states of several perylene derivatives. It turned out that only seven of the 3N-6 vibrational modes have a significant intensity for all derivatives. They calculated the vibrational energies in the ground and first electronically excited state for PTCDA. When comparing vibrational energies in both electronic states they find the low vibrational modes in S 1 to be blueshifted by about 3 cm Ϫ1 , whereas the higher vibrational modes (տ1400 cm Ϫ1 ) are blueshifted up to Ϸ40 cm Ϫ1 . This motivated a comparison of our absorption measurements of PTCDA in helium nanodroplets with Raman spectra on different metallic substrates 12 and PTCDA crystals 27 which probe electronic ground state vibrations. Recently Scholz et al. 19, 28 calculated the most dominant A g modes with density functional tight binding methods in the electronic ground state. They give illustrated elongation patterns of the most dominant vibrational motions. The frequencies of the line positions of our measured spectrum are given in the second column of Table I , whereas the third and fourth columns are calculated vibrational modes in the excited and ground state, respectively. Column 5 shows experimental Raman frequencies of a PTCDA single crystal. 27 The last column gives the dominant character of the vibrational mode: ␦ and meaning the deformation and stretching modes, respectively. 29 The first column gives the relative intensity ͑area of the ZPL͒ of each transition normalized to that of the 0-0 transition at 20 988 cm Ϫ1 . We estimate an error of about 10% for the given values. The integration is restricted to the ZPLs, because the PWs are only resolved for the strong lines at lower frequencies. Their intensities relative to the ZPLs, however, do not change in these cases. The most dominant vibronic transitions of PTCDA in helium nanodroplets appear at 229.5, 535.25, 620.7, and 1300.3 cm Ϫ1 and agree nicely with the Raman frequencies of a PTCDA single crystal. We find a general blueshift of Ϸ5 cm Ϫ1 with respect to the Raman spectrum which supports the calculated difference between S 0 and S 1 state mentioned earlier. signed to in phase shortening of the whole molecule. 19 As can be seen in column 5 of Table I this intense transition and its combination modes as well as overtones dominate the measured spectrum. The assignment of the strong vibronic transitions at 1417 and 1603.5 cm Ϫ1 is not unambiguous. Both transitions could be strong A g modes shifted by 34 cm Ϫ1 toward higher energies in comparison to the vibrational modes in a PTCDA crystal.
For PTCDA in helium nanodroplets the transition to different vibronic levels ͉ e ͘ starts from the lowest vibrational level in the ground state ͉0 g ͘. The Franck-Condon factors are given by a Poissonian distribution P :
where g 2 is the vibronic coupling constant. These have also been calculated by Scholz et al. 19 Hence the first column of Table I can be interpreted as a measure for the coupling constant between different vibronic levels. 
0.0072 687.1¯¯¯3ϫ229.5 0.0097 724.1¯¯725.7 the calculated 19 and measured values. The experimental yield of the low energy modes coincides with the calculated strengths within the precision of the calculation. The high energy modes, especially the mode at 1300.3 cm Ϫ1 , seem to be suppressed in our spectrum. The intensity of the overtones can be estimated from the factor g 2 /!. We find the second and third harmonics of the lowest breathing mode at 229.5 cm Ϫ1 having relative intensities of 0.116 and 0.0072, respectively, which is in fair agreement with the expected calculated values of g 4 /2!ϭ0.08 and g 6 /3!ϭ0.01. The next mode at 535.25 cm Ϫ1 expects g 4 /2!ϭ0.0066 for the first overtone, in comparison to the measured value of 0.0023.
A lot of experimental investigations have been done on Raman spectroscopy of thin films of PTCDA on metallic surfaces. One aim in these measurements is getting information about the interaction between the organic layer and the metallic substrate. Wagner et al. 30 studied the shift of the most intense vibrational lines at 1310 and 1575 cm Ϫ1 depending on the PTCDA film thickness on Ag͑111͒ surfaces. As mentioned earlier, density functional theory calculations assign these frequencies to vibrations located at the central carbon rings. It was supposed that this is the area where the bonding of the molecule toward the Ag surface takes place. Varying the film thickness from 4 to 1 ML they observed a pronounced downshift of 12 cm Ϫ1 at 1310 cm Ϫ1 . The downshift of the mode at 1575 cm Ϫ1 is only 2 cm Ϫ1 , indicating that in this case there is no reordering of the first monolayer. Another possibility to study the interaction between the organic layer with the metallic substrate is to vary the substrate temperature during the growth process of the organic film. Salvan et al. 31 probed hydrogen-passivated p-type silicon ͑100͒ substrates, varying the substrate temperature from 230 to 470 K. The thickness of the organic film was 40 nm. They observed an asymmetric shape of the mode at 1303 cm Ϫ1 in the Raman spectrum. The asymmetry was fit to different components of a doublet split by 3.8 cm Ϫ1 . The splitting was more pronounced at higher substrate temperatures. Split lines are extensively discussed as to whether they are Davydov pairs. Typically, the Davydov splitting for organic crystals is between Ϸ1 and 15 cm Ϫ1 . 27 A Davidov splitting for ␣-PTCDA at 1300 cm Ϫ1 has been determined to 1.7 cm Ϫ1 . 27 Wagner found Davidov components split by 5 and 3 cm Ϫ1 at 235 and 626 cm Ϫ1 probing 4 ML PTCDA at 450 K. 32 Since in our experiments we have the unique situation that we can resolve the vibrational lines and Davydov splitting does not occur for the isolated monomer, doublets in our spectrum must have a different origin. We observe doublet peaks at 1300 and 1605 cm Ϫ1 as well. Figure 4 plots the corresponding sections of the spectrum as well as Gaussian fits to the lines. The splittings are 2.2 and 2.8 cm Ϫ1 , respectively. These values are somewhat smaller than the ones deduced from the fits to the Raman line. 31 Clearly the modes seen in our spectra ask for a different interpretation.
IV. COMPARISON WITH SPECTRA OF PERYLENE
As a perylene derivative PTCDA shows strong analogies toward geometry and dynamic features with perylene itself. It is interesting to compare our results with absorption and emission measurements of perylene in the gas phase, 33 in helium nanodroplets, 34, 35 Raman spectroscopy 36 and theoretical calculations of the ground and excited vibrational states. 37 The absorption of perylene in a CHCl 3 solution shows the same broad vibronic structure as PTCDA and their derivatives. 24 The gas phase data for perylene obtained by Fourmann et al. contain six strongly active vibronic modes at 352, 426, 548, 1292, 1398, and 1603 cm Ϫ1 , respectively, that display significant Franck-Condon intensity in the electronic transition. The LIF absorption measurements of perylene solvated in helium nanodroplets by the Scoles group 34, 35 show a redshift of the electronic origin of 47 cm Ϫ1 . When compared to the excited state of the gas phase perylene, all the vibronic bands in the helium nanodroplet display blueshifts of less than 7 cm Ϫ1 ; 4 cm Ϫ1 being a typical value. This agrees very well with the general shift of 5 cm Ϫ1 , mentioned earlier in comparing our data with the Raman frequencies. These six transitions have their counterparts in the PTCDA spectrum at 229.5, 535.25, 620.8, 1300.3, 1405.6, and 1603.5 cm Ϫ1 , respectively. The strong deviation in the first three vibrational transitions in comparison to perylene is related to the heavy carboxyle end group. At higher frequencies where mainly C-C stretching and C-H deformation modes of the PTCDA skeleton are involved, the vibrational transitions are nearly in the perylene spectrum closely match the lines found in the PTCDA spectrum.
V. CONCLUSION
Laser-induced fluorescence of large organic molecules embedded in helium nanodroplets provide high resolution, vibrationally resolved excitation spectra. Probing PTCDA molecules we find the origin of the S 1 ←S 0 transition absorbing at 20 988 cm Ϫ1 . The vibronic transitions of the molecule can be compared with resonant Raman spectra and calculations of the most dominant modes in the spectra. As in the case of perylene there are six strong active modes in the range from about 200 to 1600 cm Ϫ1 . We find good agreement with resonant Raman spectra of PTCDA crystal and theoretical calculations of the most dominant modes. The modes at 1300.3 and 1606.3 cm Ϫ1 split into two lines which are separated by 2.2 and 2.8 cm Ϫ1 , respectively. These splittings are apparently not due to Davydov components. Finally, several unassigned lines remain in the recorded spectrum and call for refined theoretical studies to get a full picture of the vibrational structure.
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